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a b s t r a c t 

In-situ X-ray diffraction experiments were performed during Laser Metal Deposition of steel X40CrMoV5- 

1 at the Deutsches Elektronen-Synchrotron (DESY). The measurements were performed with monochro- 

matic high-energy X-ray radiation in transmission, while full diffraction rings were recorded at 10 Hz. The 

first generated layer is remelted until deposition of the third layer on top, while partial re-austenitizing 

of the first layer occurs until deposition of the 7th layer. Self-tempering effects were analyzed based on 

martensite tetragonality. Strong decrease of carbon content in solution in martensite occurs during the 

deposition of the first five layers, resulting in low local hardness. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Additive manufacturing (AM) can be used as a production pro-

ess for metallic components and is currently one of the rapidly

eveloping advanced manufacturing techniques. Parts are built up

ayer by layer by melting and consolidating the feedstock to gener-

te arbitrary shapes [1] . Energy sources for AM of metallic parts

re typically laser or electron beams while powder or wire are

sed as feedstock. A process which has been used for approxi-

ately two decades in industrial application is the laser metal de-

osition (LMD) [2] . In the past it has mainly been used to repair

amaged parts or to enhance surface properties [3] but is nowa-

ays increasingly used to generate complex-shaped parts. Powder

s supplied to the building region via nozzles and melted by a

aser beam to build a three-dimensional part. For industrial ap-

lication of AM to build metallic components not only the shape

nd the porosity of the parts represent critical properties, but the

nowledge and the control of the microstructure, residual stresses

nd distortion are also key issues. This is especially the case for

M parts which need to withstand high thermal and mechanical

tresses, like tools for high-temperature applications [4] . FEM sim-

lations are a well-established tool for property prediction in heat

reatment or for welding processes and can also be applied for

M processes [5] . They can be used to predict and control mi-

rostructure, residual stresses [6] and distortions [7] , as well as
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ptimize the process conditions [8] to improve the final mechan-

cal properties. However, in the case of hardenable steels, the

ultiple layer processing makes the simulations difficult and of-

en unreliable since the starting parameters for each new layer

s based on models assuming that the behaviour of already de-

osited material remains unchanged. In reality, all deposited lay-

rs are successively heated up and cooled down with decreasing

mplitude for each new layer deposited on their top. In harden-

ble steels, the rapid cooling after the deposition of one layer will

ead to a martensitic microstructure which will be reheated and

e-austenitized or even remelted when the second layer is built [8] .

ith every additional layer, cyclic reheating and cooling will result,

eading to modifications of the microstructure. The local material

roperties of the final built part will consequently depend on the

rocess parameters and on the position within the built sample. 

The aim of the present study was therefore to analyze mi-

rostructural evolution during the LMD process of hardenable

ool steel, in particular the behaviour of already built layers dur-

ng the deposition of the following layers inducing cyclic tem-

erature variations. For this, in-situ X-ray diffraction experiments

ere performed during real LMD process applied at the Deutsches

lektronen-Synchrotron (DESY) in Hamburg, Germany. 

Laser Metal Deposition was used to build steel samples with

imple geometry (thin walls). The used steel was the commer-

ially available X40CrMoV5-1 (1.2344). Measurements of chemi-

al composition by optical emission spectroscopy after LMD gave

 conform amount of alloying elements, excepted for the carbon
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Fig. 1. Experimental set-up for the in-situ XRD experiments during LMD: (a) sketch of the set-up; (b) Picture of the LMD processing head and of a built sample. 
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content, which was lower than specified (measured value:

0.33 Ma-%). The particle size distribution of the used powder was

between 50 and 100 μm. The LMD set-up was based on a solid

state YAG-laser (IPG Photonics) with a wavelength of 1.4 μm, a

power of 300 W and focal spot size of 0.3 mm at the working

distance of about 5 cm below the powder delivery nozzles. A 6-

axis robot arm was used to ensure a precise movement of the pro-

cessing head. The process parameters were as follows: Feed rate:

300 m/min; waiting time between each layer: 5 s; height position

increment for each layer: 0.3 mm; powder mass flow: 5.6 g/min.

The powder was delivered to the process zone by two nozzles us-

ing pressurized Argon flow of 2.4 bar. During the experiments, thin

walls with a thickness of about 1.5 mm, a length of 30 mm and a

final height of about 6.5 mm were built by deposition of 30 suc-

cessive layers. The thickness of the deposited layer was continu-

ously decreasing during the process, due to inefficient powder de-

livery and heat accumulation. The deposition was performed on

base plates with a size of 20 × 50 × 10 mm ³ from the same ma-

terial as the powder, clamped on a massive copper holder for heat

dissipation. 

The diffraction measurements were performed on Beamline

P07-EH3 at DESY with high energy monochromatic X-ray beam

(97.6 keV) in transmission geometry, through the complete thick-

ness of the built walls. The beam size was defined by slits to a

height of 200 μm and a width of 1 mm, in order to ensure good

spatial resolution together with sufficient grain statistic and high

diffraction signal intensity. The experimental set-up and the prin-

ciple of the measurement configuration are presented in Fig. 1 . 

In one single experiment, the beam was kept at fixed posi-

tion in the first built layer, directly above the substrate during the

whole LMD process. With this strategy, it was possible to achieve

a reasonable time resolution by using a 2D detector (Perkin-Elmer

with 2048 × 2048 px and a pixel size of 200 μm) with collec-
ion time of 0.1 s/frame. Full diffraction rings were measured in

he range of 0–8 °2 θ positioned at a distance of 1.42 m behind

he process zone. During the layer deposition, heating rates up to

0,0 0 0 K/s or more occur while during subsequent cooling, cooling

ates between 300 and 2000 K/s are reached in the temperature

ange above 10 0 0 °C. During further cooling, the cooling rate de-

reases continuously to reach low values below 20 K/s. As a con-

equence the time resolution of the measurements only allow a

ough evaluation of the transformations and their kinetics during

eating and during the first stages of cooling from maximum tem-

erature, in particular during deposition of the first layers. How-

ver, it was possible to analyze the microstructural evolutions with

easonable time resolution and high data quality during cooling in

he temperature range below 10 0 0 °C. Through the use of a two-

olour pyrometer, temperature information was obtained from the

rocess zone with a time resolution of 1 ms, while a thermocou-

le was positioned at the surface of the substrate (time resolution:

0 ms). 

For each experiment, up to 5500 single 2D diffraction frame

ere recorded. The 2D patterns were azimuthally integrated over

n angular range of 20 ° using the fast PyFAI software of ESRF

9] and further analyzed as conventional intensity vs. 2 θ or q

scattering vector) patterns. Fig. 2 shows a sequence of integrated

iffraction patterns, recorded in the first layer during the genera-

ion and subsequent fast cooling of the second layer on top. 

First, the liquid phase can be identified in the form of very

road low-intensity peaks in the first 3 frames, followed by in-

reasing peaks of δ-ferrite (BCC), together with austenitic peaks

FCC). The peaks of δ-ferrite rapidly disappear (within few mea-

urements) and the austenite peaks grow strongly. After only 12

rames (about 1.2 s after deposition of the layer) austenite →
artensite (BCT) transformation starts and is ongoing during the

hole subsequent cooling period. A certain amount of austen-
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Fig. 2. 3D view of 45 integrated diffraction patterns recorded in the first layer during generation and cooling of the second built layer on top during the LMD process. 

Fig. 3. Evolution of phase contents (a) as well as austenite lattice parameter and calculated temperature (b) in the first built layer during its generation and subsequent 

deposition of the next 11 layers on top. 
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te remains present in the microstructure. The diffraction patterns

ecorded during subsequent deposition of the next layers on top,

how that a full remelting of the first layer takes place and the

bserved transformation sequence is repeated. 

For precise and detailed analysis of the sequence of phase

ransformations and further microstructural evolution in partic-

lar tempering effects, the integrated diffraction patterns were

nalyzed using the convolution-based Rietveld refinement imple-

ented in TOPAS 4.2 (Bruker-AXS) [10] . In this approach, the ob-

erved diffraction peaks are modelled by convolution of various

unctions that represent the instrumental and sample contributions

o the peaks profiles. The calibration parameters and the instru-

ental contribution to the diffraction peak profiles were obtained

sing measurements of NIST Standard LaB 6 powder. For first ap-

roximation and fast fitting of all measurements within one exper-

ment, a simplified microstructural model was used, where only

ustenite and martensite were taken into account. Liquid phase,

elta ferrite and possible precipitates/ carbides were neglected. 

Fig. 3 a shows the time-resolved evolution of the austenite and

artensite contents at a fixed position in the first built layer dur-
ng its generation and deposition of the next 11 layers built on

op. Further, in order to evaluate the temperature within the in-

estigated volume, an approach using the determined lattice pa-

ameter of austenite and an evaluation based on the model given

y Onink et al. was considered [11] . For this, the nominal carbon

ontent of 0.33 Mass-% as constant value and a thermal expansion

oefficient of 22.5 × 10 −6 K 

−1 determined from dilatometric curves

ere used as first approximation. The temperatures Ac1b and Ac1e

or beginning and completed austenitizing determined from dilato-

etric experiments with heating rates of 10 0 0 K/s are indicated in

ig. 3 b. With increasing number of subsequent layers on top, the

mplitude of the thermal cycles decreases. The remelting of the

rst layer takes place until the deposition of the third layer, leading

o a full decomposition of the built martensite and the generation

f new virgin martensite during the subsequent cooling period. Af-

er the deposition of the third layer, only partial re-austenitizing of

he first layer takes place until layer 7. This is due to the periodic

ecrease of the maximum temperature induced in the first layer

ith every new layer on top. These results agree well with the cal-

ulated temperature, showing that the austenite formation temper-
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Fig. 4. Evolution of carbon content in solution in martensite calculated from tetrag- 

onality ratio in the first built layer during its generation and subsequent deposition 

of the next 11 layers on top. 
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ature is not reached anymore after the deposition of the 7th layer.

Beyond this process stage, the maximum temperature reached in

the first layer is too low to induce a martensite → austenite trans-

formation. However, during the remaining process a periodic tem-

perature increase and decrease can still be observed in layer 1

with decreasing amplitude, while the mean temperature increases

continuously during the whole process. Data from thermocouples

placed on the substrate showed the same behaviour with an over-

all temperature increases during the process due to heat accumu-

lation in the substrate and in the clamping device. 

The resulting time-temperature cycles in the first layer are ex-

pected to induce microstructural changes, in particular regarding

self-tempering effects of martensite. Therefore, the evolution of the

BCT martensite lattice parameters “c” and “a” obtained from the

Rietveld refinements were evaluated in detail during the whole

process. The martensite tetragonality ratio “c/a” is known to be lin-

early dependent on the carbon content in solid solution in marten-

site as reported and summarized by Cheng et al. based on data

from several studies [12] . This dependence can therefore be used

to determine the carbon content in solution in martensite by the

following equation: %C = ((c/a) − 1)/0.0443, with %C in Mass-%

[13] . One main advantage of using this method, is that no infor-

mation about the temperature is required for precise calculation

of the carbon content, since both lattice parameters are used and

therefore effects of thermal expansion are self-correcting, as al-

ready demonstrated for in-situ experiments during quenching of

low alloy steel [13] . 

The evolution of tetragonality and resulting carbon content in

solution in martensite during the LMD process is shown in Fig. 4 .

As for the results presents in Fig. 3 , the plotted data were recorded

at fixed position in the first layer during its generation and sub-

sequent deposition of the next 11 layers on top. The results show

that during the cooling of the first layer, the calculated carbon con-

tent in the formed martensite increases to reach maximum value

around 0.36 Mass-%, just before the deposition of the second layer.

This value corresponds well to the nominal chemical composi-

tion of the investigated steel, which confirms that the employed

method to estimate the carbon content in solution gives reliable

results and additionally that the first built martensite during cool-

ing of the first layer contains the full amount of carbon of the steel.

During deposition of the second layer and full remelting of the first

layer, the martensite is fully retransformed into austenite during

heating, which then transforms again into martensite during fur-

ther cooling. However, the determined carbon content of the built
artensite reached only 0.315 Mass-% which is below the original

alue of 0.36 Mass-%. After deposition of the third layer (still in-

ucing remelting and fully retransformation in austenite of the

rst layer), the maximum carbon content of the formed marten-

ite reached a slightly lower value of 0.30 Mass-%. After deposition

f layer 4, without remelting and with only partial reaustenitiz-

ng of the first layer, the average carbon content of the remain-

ng and of the new built martensite reaches a maximum value of

.23 Mass-%. During the generation of the 5th layer, the carbon

ontent in martensite drops to a value of about 0.15 Mass-%. Dur-

ng deposition of the following layers, only small changes can be

bserved and the carbon content in solution remains in the range

f 0.15 Mass-%. 

These results demonstrate that the remelting of the first layer

uring deposition of the second and third layers on top leads to

 depletion of carbon in the matrix, which is expected to be due

o the generation of precipitates (in particular carbides), as already

bserved in other steels [8] . During the deposition of the subse-

uent layers with only partial re-austenitizing of the first layer,

he remaining martensite is losing carbon due to the tempering

ffects as a consequence of the elevated temperature [14] , while

he new formed martensite only slightly increases the average car-

on content in solution. The elevated temperature generated dur-

ng deposition of the following layers on top leads to further tem-

ering effects, finally resulting in a state with strongly decreased

arbon content. After deposition of the 7th layer this state is re-

aining stable until the end of the process and is indicating that

he existing temperature field does not induce further significant

icrostructural evolution. 

Comparable evaluation of in-situ measurements performed at

ifferent height positions of walls built with the same process pa-

ameters showed that maximum self-tempering effects are induced

t about 2/3 of the total height of the wall and the resulting hard-

ess measured after the process decreases from 500 HV1 directly

bove the substrate to lowest values of 350 HV1 at the position

f maximum self-tempering. In the top region of the wall, full re-

ustenitizing took place until deposition of the last layer leading to

irgin martensite with high hardness of 700 HV1. 

These experimental results give first insights into ongoing mi-

rostructural evolution during additive manufacturing of harden-

ble steel by laser metal deposition and give quantitative informa-

ion about local multiple phase transformations and self-tempering

ffects occurring during the process. Further evaluations are cur-

ently ongoing to determine precisely the local behaviour at dif-

erent height positions additionally taking into account precipitate

ormation, which has already been confirmed qualitatively. 
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